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LEVERAGING MULTICORE SYSTEMS
WHEN COMPILING PROCEDURES

FIELD OF THE INVENTION

The present invention relates to computers and data pro-
cessing, and more particularly to parallelization of compilers.

BACKGROUND OF THE INVENTION

Contemporary trends in hardware design are evolving.
Rather than continuing to push the envelope in terms of maxi-
mizing clock speeds to increase single-threaded perior-
mance, hardware designs are evolving toward slowing clock
speeds and increasing the number of concurrent threads of
execution 1n a system, e.g., using multiple microprocessors,
microprocessors with multiple cores and/or microprocessors
with multiple hardware threads (e.g., with multiple hardware
threads per core). Each hardware thread 1in a multithreaded
processor 1s treated like an independent processor by the
soltware resident in the computer. Such designs provide
increased throughput at lower power cost. However, these
designs also degrade single-threaded performance due to the
slower clock speeds. A side effect of such designs 1s that tasks
which are not parallelized to take advantage of multiple cores
will appear to run more slowly on new systems than they did
on older systems with faster clock speeds.

One particular area of concern for organizations that
develop software 1s the possibility that compile times will
increase. To take advantage of the trend of multiple hardware
threads with slower clock speeds, where possible, compilers
need to take advantage of the multiple hardware threads to
perform different parts of the compiling process simulta-
neously. In programs that consist of many small procedures,
this 1s relatively straightforward: a compiler can spawn mul-
tiple threads to compile mdividual procedures on different
processors and gather the results produced by the threads to
package the final program. The larger challenge 1s for com-
pilation of larger or legacy procedures.

The compilation process consists of many steps. The most
time-consuming of these steps tends to be the global optimi-
zation step. Most global optimizations are based on data flow
analyses, which are algorithms to gather information about a
program. Data flow analysis refers to a body of techniques
that derive information about the flow of data along program
execution paths. For example, one way to implement global
common sub-expression elimination requires the determina-
tion of whether two textually 1dentical expressions evaluate to
the same value along any possible execution path of the
program. As another example, if the result of an assignment 1s
not used along any subsequent execution path, then the
assignment can be eliminated as dead code. In each applica-
tion of data flow analysis, every program point has associated
with 1t a data flow value that represents an abstraction of the
set of all possible program states that can be observed for that
point. The set of possible data flow values 1s the domain for
this application. For example, the domain of data tlow values
for reaching definitions 1s the set of all subsets of definitions
in the program. A particular data flow value 1s a set of defi-
nitions and each point 1n the program 1s associated with the
exact set of defimitions that can reach that point. The choice of
abstraction depends on the goal of the analysis. To be effi-
cient, only the mformation that is relevant 1s tracked.

The results for data tlow analyses generally have the same
form: for each instruction in the program, the results specily
some property that must hold every time that instruction 1s
executed. As set forth above, the analyses differ, however, 1n
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the properties they compute. For example, a constant-propa-
gation analysis computes, for each point 1n the program, and

for each variable used by the program, whether that variable
has a unique constant value at that point. As another example,
a ltveness analysis determines, for each point in the program,
whether the value held by a particular variable at that point 1s
sure to be overwritten before 1t 1s read again. If so, there 1s no
need to preserve that value, either 1n a register or in a memory
location.

Spawning multiple threads to compile individual proce-
dures on different processors, however, breaks down for code
that 1s not built 1n a modular fashion. Many programs 1n use
today are constructed from single monolithic procedures,
which cannot benelit from compiling procedures 1n parallel.
A number of these programs are old enough to predate the
common use of modular programming styles, while others
are written 1n older languages that discourage the use of
multiple procedures. Regardless of the cause, there are many
such programs 1n existence on many different platforms. Fur-
ther, even programs written 1n a more modular style often
contain some very large procedures as a result of poor design
or maintenance. A solution 1s needed, therefore, to 1mprove
compile times for large procedures as the hardware develop-
ment trends continue to move toward slower clock speeds and
many available hardware threads.

SUMMARY OF THE INVENTION

A method, apparatus and program product are provided for
parallelizing the analysis and optimization phases 1n a com-
piler. A plurality of hardware threads 1s allocated for parallel
processing. A plurality of basic blocks of a computer program
1s prepared for processing by a main thread selected from the
plurality of hardware threads. The plurality of prepared basic
blocks 1s then placed 1n a shared data structure by the main
thread. Concurrently with placing the prepared basic blocks
in the shared data structure, a prepared basic block of the
plurality of prepared basic blocks 1s retrieved from the shared
data structure by a work thread selected from the plurality of
hardware threads and a compiler analysis or optimization 1s
performed on the prepared basic block by the work thread.

In some embodiments, performing the compiler analysis or
optimization on the prepared basic block includes gathering
local data from the basic block for use 1n a data tlow analysis.
In other embodiments, performing the compiler optimization
on the prepared basic block includes stepping through state-
ments 1n the basic block, adjusting data tlow information, and
applying optimizations.

In still other embodiments, preparing a plurality of basic
blocks includes creating a dependency graph of a plurality of
loops 1n a program and identifying a plurality of uncon-
strained loops on the dependency graph. In these embodi-
ments, placing the plurality of prepared basic blocks in the
shared data structure includes placing the plurality of uncon-
strained loops 1n the shared data structure and retrieving the
prepared basic block includes receiving a loop from the
shared data structure. Performing the compiler optimization
on the prepared basic block for these embodiments includes
optimizing the recerved loop by the work thread and remov-
ing a dependency from a loop containing the optimized loop,
then placing the containing loop 1n the shared data structure
for further processing.

In an alternate embodiment for parallelizing analysis and
optimization in a compiler, a subset of data points of a com-
puter program 1s identified for processing by a main thread
selected from a plurality of hardware threads. The subset of
data points 1s placed 1n a shared data structure by the main
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thread. A tuple associated with the subset of data points from
the shared data structure 1s retrieved by a work thread selected
from the plurality of hardware threads concurrently with
placing the subset of data points in the shared data structure.
A compiler analysis or optimization 1s performed on the tuple
by the work thread. In some embodiments, a compiler analy-
s1s or optimization on the tuple may include mitializing data
flow sets for data tlow calculations, and performing the data
flow calculations on the subset of data points by the work

thread. The subset of data points may correspond to a cache
S1ZE.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate embodi-
ments of the invention and, together with a general descrip-
tion of the invention given above, and the detailed description
given below, serve to explain the invention.

FI1G. 11s aflowchart of the general structure ot a process for
compiling.

FIG. 2 1s a detailed flowchart of the global optimization

step in FIG. 1.

FIG. 3 1s a block diagram of an exemplary hardware and
soltware environment for a computer suitable for implement-
ing parallelized global optimization consistent with embodi-
ments of the invention.

FI1G. 4 1s a block diagram of an alternate exemplary hard-
ware and software environment for a computer suitable for
implementing parallelized global optimization consistent
with embodiments of the invention.

FI1G. 5 1s a flowchart of a non-parallel method of gathering
local data for a data flow analysis.

FIG. 6 1s a flowchart of a parallelized method of gathering
local data for a data flow analysis.

FIG. 6A 1s a detailed flowchart of an exemplary work
thread of FIG. 6.

FI1G. 7 1s a flowchart of a non-parallel method for perform-
ing data flow analysis.

FI1G. 8 1s aflowchart of a parallelized method of performing
data tlow analysis.

FIG. 8A 1s a detailed flowchart of an exemplary work
thread of FIG. 8.

FIG. 9 1s a flowchart of a non-parallel method for propa-
gating results from the data flow analysis.

FIG. 10 1s a flowchart of a parallelized method of propa-
gating results from the data flow analysis.

FIG. 10A 1s a detailed flowchart of an exemplary work
thread of FIG. 10.

FIG. 11 1s a flowchart of a non-parallel method for opti-
mizing loops.

FIG. 12 1s a flowchart of a parallelized method of optimiz-
ing loops.

FIG. 12A 1s a detailed tlowchart of an exemplary work
thread of FIG. 12.

It should be understood that the appended drawings are not
necessarily to scale, presenting a somewhat simplified repre-
sentation of various features illustrative of the basic prin-
ciples of the invention. The specific design features of the
sequence ol operations as disclosed herein, including, for
example, specific dimensions, orientations, locations, and
shapes of various 1llustrated components, will be determined
in part by the particular intended application and use environ-
ment. Certain features of the illustrated embodiments have
been enlarged or distorted relative to others to facilitate visu-
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4

alization and clear understanding. In particular, thin features
may be thickened, for example, for clarity or illustration.

DETAILED DESCRIPTION OF THE INVENTION

A compiler 1s a computer program (or set of programs) that
translates text written 1n a computer language (the source
language) into another computer language (the target lan-
guage). The original sequence 1s usually called the source
code and the output called object code. Commonly the output
has a form suitable for processing by other programs (e.g., a
linker), but it may also be a human-readable text file. Com-
pilers may compile the source code to intermediate code, or
the intermediate code to object code. Some compilers, known
as cross compilers, can compile programs for use by comput-
ers different than the computer running the compiler.

Compilers generally perform many or all of the following
operations: lexical analysis, preprocessing, parsing, semantic
analysis, code generation, and code optimization. The general
structure of a compiler 1s shown in flowchart 20 1n FIG. 1.
Input to the compiler 1s translated in to an intermediate lan-
guage for the compiler (block 22). A control flow graph
(“CFQG”) 1s constructed in block 24. A control flow graph 1s a
representation, using graph notations, of all paths that might
be traversed through a program during its execution. Each
node in the graph represents a basic block (“B”). A basic
block 1s a maximal sequence of straight-line code. Basic
blocks are assembled into the control CFG by placing a
directed arc from block A to block B 11 and only 11 control can
flow from block A to block B. Using the CFG a global opti-
mization 1s then performed (block 26). After the global opti-
mization, on some systems, a machine-specific optimization
may also be performed (block 28). After the optimization(s)
have completed, the compiler generates machine code (block
30) that 1s either ready for execution or ready to be sent to a
linker for combination with other sections of machine code
that form the program.

A significant amount of compilation time 1s attributable to
the global optimization phases (block 26). Many global opti-
mizations follow the same general structure which 1s shown
in flowchart 40 1n FI1G. 2. Local data 1s gathered for each basic
block in the program (block 42). In an “available expressions™
calculation, for example, the local data for a block B consists
of a list of expressions available to subsequent blocks atfter the
block has been executed. A global data flow analysis 1s then
performed to simultaneously solve a number of stmilar prob-
lems at basic block boundaries (block 44). For example, a
“live vaniables” problem calculates which variables have
anticipated uses at the beginming of each basic block B. Next,
the data flow analysis 1s completed by propagating the results
gathered at block boundaries though each basic block (block
46). Finally, the results of the data flow analysis are applied to
optimize the program (block 48). In some implementations,
steps 3 and 4 (blocks 46 and 48) may be performed simulta-
neously. Parallelization opportunities exist in each of these
steps.

FIG. 3 illustrates an exemplary hardware and software
environment for an apparatus 30 suitable for parallelizing
compilers and global optimization consistent with the inven-
tion. For the purposes of the ivention, apparatus 50 may
represent practically any computer, computer system, or pro-
grammable device, e.g., multi-user or single-user computers,
desktop computers, portable computers and devices, hand-
held devices, network devices, mobile phones, etc. Apparatus
50 will hereinatter be referred to as a “computer” although 1t
should be appreciated that the term “‘apparatus™ may also
include other suitable programmable electronic devices.
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Computer 50 generally includes at least one processor 52
coupled to a memory 34, and the computer supports multiple
hardware threads, 1.e., multiple independent units of execu-
tion. It will be appreciated, however, that software-based
multithreading or multitasking may also be used in connec-
tion with hardware-based multithreading, e.g., by allocating
time slices on a given hardware thread to multiple software
threads or tasks, to further support the parallel performance of
multiple tasks 1n the computer. The manner 1n which multiple
hardware threads may be distributed within computer 50 can
vary 1n different embodiments. For example, processor 52,
¢.g. a microprocessor, may be implemented as a single pro-
cessor core that includes multiple hardware threads, or may
include multiple processor cores 56a, 565, each of which may
support one or more hardware threads. Alternatively, as
shown 1n the block diagram in FIG. 4, computer 50a may
contain multiple processors 52a, 52b, 52¢, for example. Each
of these processors 52a, 52b, 52¢ may also have multiple
cores as 1llustrated with processor 52 1n FIG. 3. Each of the
cores on each of the processors may support one or more
hardware threads, which may be utilized for parallel process-
ing. Furthermore, multiple computers, such as computer 30 1n
FIG. 3 or computer 50a in F1G. 4, each incorporating at least
one hardware thread, may communicate over a high speed
network 1n a distributed parallel computing environment, in
order to provide the multiple hardware threads utilized to
implement embodiments of the invention.

Consistent with embodiments of the invention, a hardware
thread 1s at least a portion of a processor configured to process
at least a portion of a task. For the most part, each hardware
thread 1s treated like an independent processor by software
resident 1n the computer system upon which 1t 1s configured.
Thus, each hardware thread may provide an independent unit
of execution to process that at least a portion of a task. There-
fore, 1n a multithreaded processor, multiple independent units
of execution may each process at least a portion of a task
concurrently.

In some embodiments, computer hardware may provide
information as to which hardware threads executing on a
processor core are using or have used which processing ele-
ments or functional units or the like on the processor core. The
computer hardware may also provide information pertaining
to memory utilization of a hardware thread, for instance, the
hardware thread’s use of cache on the processor core. Addi-
tional characteristics or attributes of the hardware threads
may be provided. The operating system uses this information
to predict resource availability for scheduling applications, to
reserve a particular processing element for a given thread, and
to otherwise guarantee quality of service to applications. In
other embodiments, the information may be provided for a
given set ol hardware threads, and the operating system or the
like may use the information to predict resource availability
and reserve processing elements for a given set of hardware
threads. Setting up and maintaining a thread pool as well as
managing hardware threads in multithreaded processor envi-
ronments 1s well known 1n the art. Some examples may be

found 1n U.S. Pat. No. 7,237,242 to Blythe et al., U.S. Pat. No.
5,991,792 to Blythe et al., U.S. Patent Application Publica-
tion No. 2008/0022283 to Krieger et al., and U.S. Patent
Application Publication No. 2008/0229321 to Krieger et al.,
the disclosures of which are hereby incorporated by reference
herein 1 their entireties.

Memory 54 may represent the random access memory
(RAM) devices comprising the main storage of computer 30,
as well as any supplemental levels of memory, e.g., cache
memories, non-volatile or backup memories (e.g. program-
mable or tlash memories), read-only memories, etc. In addi-
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tion, memory 34 may be considered to include memory stor-
age physically located elsewhere in computer 50, e.g., any
cache memory 1n a processor 32, as well as any storage
capacity used as a virtual memory, e.g., as stored on a mass
storage device 58 or another computer coupled to computer
50 via a network 60.

Computer 50 also typically receives a number of inputs and
outputs for communicating information externally. For inter-
face with a user or operator, computer 50 typically includes
one or more user input devices 62 (e.g., a keyboard, a mouse,
a trackball, a joystick, a touchpad, a keypad, a stylus, and/or
a microphone, among others). Computer 50 may also include
a display 64 (e.g., a CRT monitor, an LCD display panel,
and/or a speaker, among others). The interface to computer 50
may also be through an external terminal connected directly
or remotely to computer 50, or through another computer
communicating with computer 30 via a network 60, modem,
or other type of communications device.

Computer 50 operates under the control of an operating
system 66, and executes or otherwise relies upon various
computer software applications, components, programs,
objects, modules, data structures, etc. (e.g. compiler 68).
Compiler application 68, for example, further includes the
components discussed 1n relation to FIG. 1 and FIG. 2, such
as global optimization 70. Computer 50 communicates on the
network 60 through a network interface 72.

In general, the routines executed to implement the embodi-
ments of the invention, whether implemented as part of an
operating system or a specific application, component, pro-
gram, object, module or sequence of instructions will be
referred to herein as “computer program code”, or simply
“program code”. The computer program code typically com-
prises one or more instructions that are resident at various
times 1n various memory and storage devices 1n a computer,
and that, when read and executed by one or more processors
in a computer, causes that computer to perform the steps
necessary to execute steps or elements embodying the various
aspects of the invention. Moreover, while the invention has
and hereinafter will be described 1n the context of fully func-
tioning computers and computer systems, those skilled in the
art will appreciate that the various embodiments of the mven-
tion are capable of being distributed as a program product in
a variety of forms, and that the invention applies equally
regardless of the particular type of computer readable media
used to actually carry out the distribution. Examples of com-
puter readable media include but are not limited to physical,
recordable type media such as volatile and non-volatile
memory devices, floppy and other removable disks, hard disk
drives, optical disks (e.g., CD-ROM’s, DVD’s, efc.), among
others.

In addition, various program code described hereinafter
may be identified based upon the application or software
component within which 1t 1s mmplemented in specific
embodiments of the invention. However, 1t should be appre-
ciated that any particular program nomenclature that follows
1s merely for convenience, and thus the invention should not
be limited to use solely 1n any specific application 1dentified
and/or implied by such nomenclature. Furthermore, given the
typically endless number of manners in which computer pro-
grams may be orgamized 1nto routines, procedures, methods,
modules, objects, and the like, as well as the various manners
in which program functionality may be allocated among vari-
ous software layers that are resident within a typical computer
(e.g., operating systems, libraries, APIs, applications,
applets, etc.), 1t should be appreciated that the invention 1s not
limited to the specific organization and allocation of program
functionality described herein.
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Those skilled 1n the art will recognize that the exemplary
environment 1llustrated in FIG. 3 or 4 1s not intended to limit

the present mnvention. Indeed, those skilled in the art waill
recognize that other alternative hardware and/or software
environments, such as other parallel configurations including
nodes on a high speed network, may be used without depart-
ing from the scope of the mvention.

Referring again to FIG. 2, global optimization 1s generally
divided 1nto four steps, each step having opportunities for
parallel processing. These four steps, as 1llustrated 1n FIG. 2,
are gathering local data (block 42), global data flow analysis
(block 44), propagating data flow results (block 46), and
applying results to optimize (block 48). Each of these steps
will be addressed in turn, including the opportunities for
parallel processing within each of the steps.

Gathering Local Data

A non-parallel data gathering process can be seen 1n flow-
chart 80 1n FIG. 5. An unprocessed basic block B 1s selected
(block 82). Local data 1s gathered from B to be used for data
flow analysis (block 84). The local data gathered includes the
GEN and KILL sets needed by global data tlow analysis,
which 1s described below. If there are more blocks to be
processed (“Yes” branch of decision block 86), then process-
ing continues with the next basic block at block 82. Otherwise
the data gathering process completes at block 88.

The data gathering phase 1s generally amenable to parallel
processing. In some embodiments, one hardware thread may
be spawned to process each basic block. Alternately, 1n other
embodiments, a hardware thread may be spawned to handle
groups of N blocks, where N can be optimally tuned through
experimentation. In still other embodiments, hardware
threads may process either single or groups of N blocks
depending on the amount of work to be done for each block
and the number of hardware threads available. A parallelized
data gathering process can be seen 1n tlowchart 90 1n FIG. 6.
In preparation for parallel processing, a pool of hardware
threads 1s allocated to process the local data (block 92). The
hardware threads may be divided into a main thread and work
threads for different processing aspects. For example, the
main thread may control the tasks assigned to the work
threads. Additionally, there may be multiple main threads,
where the main threads may also function as a work thread.
The terms main thread and work thread, for the purposes of
this disclosure, are merely being used for illustrative pur-
poses. Any of the hardware threads allocated in the thread
pool may be utilized for any of the tasks in the parallel
processing.

Returming to tflowchart 90, an unprocessed basic block B 1s
placed 1n a shared data structure, such as a work queue, by a
main thread (block 94). If there are additional unprocessed
blocks (*“Yes” branch of decision block 96), the process con-
tinues by the main thread at block 94 continuing to place basic
blocks on the work queue. While blocks are being placed on
the work queue, 1n FIG. 6 A, each of the work threads 1n the
pool waits to receive a basic block B from the work queue
(block 98). If a basic block B 1s available (*Yes™ branch of
decision block 100), a work thread 1n the pool gathers local
data from the basic block B to be used for the data flow
analysis (block 102). If a block 1s not available (*No” branch
of decision block 100), then the process continues to wait at
block 98. This data 1s similar to the data gathered in the
non-parallel process 1n block 84 of FIG. 5. As each of the
work threads completes 1ts data gathering, the work thread
waits to recerve the next basic block B form the work queue in
block 98 and the process continues. When all of the basic
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blocks B have been placed on the work queue, and all work
threads have completed, the thread pool 1s dismantled (block

104). In other embodiments, each work thread may process
groups of basic blocks B rather than a single block. In still
other embodiments, work threads may process either single
or groups of basic blocks B depending on the amount of work
to be done for each block and the number of work threads
available.

In some embodiments, it may be desirable to minimize data
contention that might otherwise limit the ability for hardware
threads to work independently of one another. For example, in
an available expressions problem, each expression found 1n
the program 1s mapped to a unique number, typically by a
hashing to see 1f the expression has previously been seen.
Care must be taken to ensure that the lookup table of expres-
s10mns does not become a parallelism-killing bottleneck. ITN 1s
a fairly large number, 1t may be practical to have each work
thread use a private lookup table, and merge the table results
when the work threads join. Alternatively, a group of contigu-
ous block numbers may be assigned to a work thread to be
processed together. This alternative approach may leverage
spatial locality 1n the data structures, reducing contention.

Global Data Flow Analysis

Data tflow analysis refers to a body of technmiques that derive
information about the flow of data along program execution
paths. In each application of data flow analysis, every pro-
gram point 1s associated with a data tlow value that represents
an abstraction of the set of all possible program states that can
be observed for that point. The set of possible data flow values
1s the domain for this application. The data flow values before
and after each statement s are generally denoted by IN[s] and
OUT[s], respectively. The data flow problem 1s to find a
solution to a set of equational constraints on the IN[s]’s and
OUT[s] s for all statements s. The problem may be simplified
by calculating these sets at basic block boundaries, denoting
them as IN[B] and OUT[B] for each basic block B.

Data flow analysis has been well understood for many
years. Those of ordinary skill in the art would be familiar with
data flow analysis; however, a short description 1s provided
here. As described in Aho et al.," most data flow problems can
be described 1n terms of a general data flow framework. Such
a framework includes a set V of values to be propagated; a set
of transfer functions F mapping from V to V for propagating
these values through a basic block B; and a confluence opera-
tor operating on V that describes how to merge values from
multiple blocks to their common successor or predecessor
block. The set V should form a lattice, with distinct bottom
and top elements (often the empty set and the universal set
over V, respectively).

L Ao er ar., Comprers Privereres, Tecmvioues, & Toors §89.2 & 9.3 (2d ed. 2007)

A data flow problem may be either a forward problem, 1n
which values flow from the beginning of the program towards
the end; or abackward problem, 1n which values tlow from the
end of the program towards the beginning. The transfer func-
tions F are usually characterized in terms of sets GEN[B] and
KILL|[B] for each basic block B, indicating the data flow
information generated by the statements in B, and the data
flow information which is prevented from flowing through by
the statements 1n B. The confluence operator should be mono-
tonic; that1s, applying 1t will always cause the propagated sets
to become no smaller, or will always cause the propagated
sets to become no larger. Thus data flow problems may be
characterized as either increasing or decreasing problems.

A few examples may assist in clanfying the data flow
analysis. A reaching definitions problem calculates which



US 8,701,098 B2

9

definitions of variables are available at each point 1n the
program. In this case, V may consist of all subsets of the set of
definitions 1n the program. Its bottom element 1s the empty
set, and its top element 1s the set of all definitions in the
programs. GEN[B] 1s the set of all defimtions occurring in
basic block B that reach the end of B. KILL[B] 1s the set of all
definitions 1n the program which cannot tlow through block B
because the defined varniable may be redefined in block B. F 1s
the set of functions OUT[B]J=GEN[B]Y(IN[B]-KILL[B]),
for each block B. The confluence operator 1s union, so that
IN[B] 1s formed from the union of OUT|[P] over all predeces-
sors P of B, since a definition that reaches along any path to a
block 1s considered to reach 1t. Reaching definitions 1s a
forward, increasing problem.

An available expressions problem calculates which expres-
sions are available for reuse at each point 1n the program. In
this case, V consists of all subsets of the set of expressions
computed by the program. Its bottom element i1s the empty
set, and 1ts top element 1s the set of all expressions computed
by the program. GEN|[B] 1s the set of all expressions com-
puted in block B and still available at the end of B. KILL[B]
1s the set of expressions which cannot flow through block B

because at least one variable involved 1n the expression may
be redefined 1n block B. F 1s the set of functions OUT[B]

=GEN[B]Y(IN[B]-KILL[B]), for each block B. The conflu-
ence operator 1s intersection, so that IN[B] 1s formed from the
intersection of OUT|[P] over all predecessors P of B, since an
expression 1s only available at B 1f 1t 1s available along all
paths by which B might be reached. Available expressions 1s
a forward, decreasing problem.

A live vaniables problem calculates which variables are
expecting to recerve a value at each point in the program. In
this case, V consists of all subsets of the set of variables 1n the
program. Its bottom element 1s the empty set, and 1its top
clement 1s the set of all variables 1n the program. GENJ[B] 1s
the set of all variables appearing on the right hand side of a
calculation 1in block B, and which are not previously defined
in B. KILL[B] is the set of all variables that may be defined 1n
block B. F 1s the set of functions IN[B]=GEN|[B]Y(OUT[B]-
KILL[B]). The confluence operator 1s union, so that OUT[B]
1s formed from the union of IN|S] over all successors S of B,
since a variable 1s considered live at the end of B if 1t 1s live
along any path leaving B. Live variables 1s a backward,
increasing problem.

Returning again to the drawings, a non-parallel process for
data flow analysis can be seen 1n tlow chart 110 1n FIG. 7. The
flow chart 110 assumes a forward, increasing data flow prob-
lem. Data flow sets IN(B) and OUT(B) are mmtialized to

mimmum (bottom) values (block 112). If a decreasing prob-
lem were under analysis, the data flow sets IN(B) and OUT

(B) may be mitialized to maximum (top) values. Depth-first

order numbers are then computed for all blocks in the CFG
(block 114), using techniques well known 1n the art.

The depth-first order counter 1s set to the first block (block
116). In a reverse analysis, the depth-first order counter may
be set to the last block. The next basic block B 1n forward
depth-first order 1s retrieved (block 118). In areverse analysis,
the reverse depth-first order block is retrieved. A counter *“1”
1s set to 1 (block 120). Data tlow calculations for the retrieved
basic block B are performed (block 122). For example, i1 the

problem under analysis 1s a forward, increasing problem
using union as the contluence operator, the calculations may

be:
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IN(B, i) = Y
PcpredessonB)

OUT(P, i)

OUT(B, i) = GEN(B, DY(IN(B, i) — KILL(B, i))

4 - b B

If the counter “1” 1s less than the number of data points M to
determine at the basic block boundary (*Yes” branch of deci-

sion block 124), then the counter “1” 1s incremented (block

126) and the data tlow calculations are performed for the next
data point in the basic block B (block 122). In practice, the
loop 120-126 will handle 32 or 64 values of “1” at a time
depending on the word size of the machine. In these cases, “1”
would be incremented by 32 or 64, depending on the word
S1ZE.

After the loop has completed, a check 1s made to determine
if there are more basic blocks B to process (block 128). If
there are additional basic blocks (*Yes” branch of decision
block 128), the process continues at block 118 until all basic
blocks have been processed. If there 1s a change to IN(B) or
OUT(B) for any basic block during this pass of the data flow
analysis (““Yes” branch of decision block 130), then the pro-
cessisrepeated at block 116. Otherwise the data flow analysis
completes at block 132.

Many global data tlow analyses are generally represented
as bit matrices. Each row 1n the matrix represents information
for the beginning or end of a basic block, while each column
represents whether or not a particular fact is true for each of
the control flow points. Data flow analysis sets IN, OUT,
GEN, KILL may be represented as NxM bit matrices, where
N 1s the number of blocks and M 1s the number of data points
to determine at each block boundary. For example, in the live
variable problem a set bitin row 3 and column 10 of matrix IN
might mean that variable X (assigned to column 10) 1s live on
entry to basic block 5 (assigned to row 5). Global data tlow
analysis uses the starting 1nitial values of IN, OUT, GEN and
KILL as a basis to determine global information across the
program, by performing logical operations on rows from the
bit matrices representing these sefts.

An important aspect of the global analyses 1s that typically
the results are column-wise independent. The arrangement of
the data flow problem 1nto bit matrix form, therefore, may be
designed to take advantage of the natural parallelism of pro-
cessing 32 or 64 bits at a time with a single AND, OR, XOR,
NOT, etc. instruction. If, however, the number of columns
exceeds the word size of the host computer, no additional
parallelism may be gained by using the bit matrix, and more
parallelism may be obtained by partitioning the matrix.

Thus the bit matrix can be partitioned into sets of columns,
using some multiple of the natural word size of the host
computer as the number of columns per thread. The problem
can be solved 1n parallel using the original storage in situ,
since there 1s no overlap 1n storage requirements across the
individual threads. This 1s a very clean and natural source of
parallelism, with very little overhead 1n setup and teardown.

A parallelized method of global data flow analysis can be
seen 1in flowchart 140 in FIG. 8. A pool of hardware threads to
process data flow information 1s allocated (block 142).
Depth-first order numbers are computed by a main thread for
all blocks 1n the CFG (block 144) A counter “1”1s set to 1 and
a counter “1”” 1s set to ¢, where ¢ 1s the number of bits 1n a data
cache line (block 146). Note that the cache size 1s generally a
multiple of the word size of the machine. If counter ™ 1s
greater than the total number of data points M (*Yes™ branch
of decision block 148), then counter 7 1s set equal to M (block
150). The tuple (1,7) 1s then placed on the work queue by the
main thread for more processing (block 152). If counter j 1s
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not equal to M (*No” branch of decision block 154), then
counters 1 and j are incremented by ¢ (block 156) and the loop
continues at block 148 until all data points have been placed
on the work queue (1n groups of “c”). If all tuples to be
processed have been placed on the work queue (“Yes” branch 2
of decision block 154), then the thread pool may be dis-
mantled as the work threads complete (block 1358).

While the tuples (1, 1) are being placed on the work queue
by the main thread, 1n FIG. 8 A, each of the work threads 1n the

pool waits to recerve a tuple from the work queue (block 160).
Data flow sets IN|B] and OUT[B] are mitialized for columns

“1”” through “1” to minimum values (block 162). The depth-
first order counter 1s set to the first block (block 164). The next
block 1s retrieved in forward depth-first order (block 166). A

counter “k” 1s set to “1”” (block 168) and data flow calculations
are then performed as set forth above in the examples (block
170). If counter “K” 1s less than “1”” (*“Yes™ branch of decision

block 172), then “k” 1s incremented by one (block 174) and

additional data flow calculations are performed (block 170). »g
If counter “k”™ 1s not less than *9” (*No” branch of decision
block 172), then a check 1s made to determine 1f more blocks

are available (block 176). IT more blocks are available (*“Yes”
branch of decision block 176), then the next block 1s retrieved
in forward depth-first order (block 166) and data flow calcu- 25
lations are performed for that block (block 170). If there are
no more blocks, then a check 1s made to determine 1f there was
a change to IN[B] or OUT[B] for any block in this pass (block
178). Ifthere was a change to IN[B] or OUT[B] (*Yes” branch
of decision block 178), then the process 1s repeated beginning 30
at block 164. If, however, there was no change (“No”” branch
of decision block 178), then the next tuple 1s received from the
work queue (block 160). This process continues until all
tuples have been processed and the work queue 1s empty.

In addition to the data flow calculations mentioned above, 35
there may be some row-wise independence 1n the calculations
as well. Data flow algorithms, as their name suggests, flow
data from one basic block to 1ts successors (or predecessors,
for reverse algorithms). Calculations for a block may proceed
whenever the calculations for all of its predecessors have 40
completed. This means that calculations for a number of
blocks can proceed 1n parallel, by enabling the calculations to
be scheduled on a processor core when all data 1s available. IT
scheduling and communication overhead 1s sufliciently large
that scheduling single blocks i1s impractical, larger single- 45
entry/single-exit regions of code can be similarly scheduled
when their dependencies have been resolved.
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Propagating Data Flow Results
50
Phase 3 1s similar to phase 1 (data gathering) 1n that each
basic block can be processed independently. In phase 2 (data
flow analysis), information has been gathered describing the
state of expressions, variables, etc. at the boundaries of basic
blocks. The propagation of data flow results phase steps either 55
torward or backward through the basic blocks and propagates
the collected information. A non-parallel process can be seen
in flowchart 180 1n FIG. 9. An unprocessed basic block B 1s
selected (block 182). The statements 1n B are stepped through
in a forward direction (or backward for a reverse analysis), 60
adjusting data flow information and applying optimizations
(block 184). For some optimizations, code modification can
be performed at this time; for example, a redundant expres-
s1on can be removed and replaced with a register holding the
result of an 1dentical computation. If more basic blocks B 65
need to be processed (“Yes” branch of decision block 186),
then the process continues at block 182 until all basic blocks
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have been processed (“No”” branch of decision block 186) and
the process completes (block 188).

Each basic block can be processed independently, so again
a group ol N blocks can be handled by a single thread. Once
again, very little setup and teardown may be necessary to
parallelize this phase. A parallelized process for propagating
data flow results can be seen 1n flowchart 190 1n FIG. 10. A
pool of hardware threads 1s allocated for optimizing the basic
blocks B (block 192). An unprocessed block 1s placed on the
work queue by a main thread (block 194). If there are addi-
tional blocks (“Yes” branch of decision block 196), these
blocks are placed on the work queue until there are no further
blocks. While the unprocessed blocks are being placed on the
work queue by the main thread, a work thread from the thread
poolin FIG. 10A waits to recerve a block from the work queue
(block 198). If a basic block B 1s available (“Yes” branch of
decision block 200), the work thread then steps through the
statements 1n the block, similar to the non-parallel process 1n
FIG. 9, and adjusts the data flow information and applies
optimizations (block 202). The work thread then waits to
receive another block from the work queue 1n block 198.
Otherwise 11 a basic block 1s not available (*No” branch of
decision block 200), then the process waits at block 198.
When all of the basic blocks B have been placed on the work
queue, and the work threads have completed, the thread pool
1s dismantled (block 204). In some embodiments, each work
thread may process groups of basic blocks B rather than a
single block. In other embodiments, work threads may pro-
cess either single or groups of basic blocks B depending on
the amount of work to be done for each block and the number
of work threads available. It may also be desirable 1n some
embodiments to ensure that the threads can independently
write to private sections of the storage containing the internal
representation of the program.

Applying Optimizations to Loops

Some optimizations are not local to single blocks, but
instead operate on larger portions of code. For example, some
operate on loops rather than basic blocks. A non-parallel
optimization of loops can be seen 1n flowchart 210 1n FIG. 11.
A partial ordering of loops 1n a program 1s created (block
212). Loops in the program need to be ordered such that inner
loops are optimized prior to outer loops. After the loops have
been ordered, the next loop 1n the partial ordering 1s selected
(block 214). The loop 1s then optimized (block 216). If there
are more loops to be optimized (*Yes” branch of decision
block 218), then the process continues at block 214. After all
loops have been optimized (“No” branch of decision block
218), the loop optimization 1s complete (block 220).

In parallelizing the optimization of loops, in some embodi-
ments a hardware thread may be allocated to optimize each
strongly connected component (loop) 1n the control flow
graph. Loops may be nested, so 1t 1s important to first process
iner loops and wait to allocate hardware threads for outer
loops until all inner loops have been processed. A parallelized
process for loop optimization can be seen 1n flowchart 230 1n
FIG. 12. A dependency graph of the loops 1n the program 1s
created to 1dentily loops contained within other loops (block
232). A hardware thread pool 1s then allocated for optimizing
the loops (block 234). The work queue 1s populated with all
unconstrained loops (block 236). A constrained loop 1s a loop
that contains inner loops that must be optimized prior to
optimizing the constrained loop. While the work queue 1is
being populated, 1n FI1G. 12 A, work threads 1n the thread pool
wait to recerve a loop from the work queue (block 238). The
loop 1s then optimized (block 240). After optimizing the loop,
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the dependence graph i1s referenced, removing any depen-
dency resulting from the optimized loops. If a constrained
loop 1s now unconstrained, the newly unconstrained loop 1s
added to the work queue (block 242). The dependence graph
may be a point of contention among the main thread (popu-
lating the work queue) and the work threads (removing
dependencies and populating the work queue). The graph
should generally be serialized so only one thread at a time can
update 1t (one writer, many readers). After the thread com-
pletes the loop optimization, the thread waits to receive the
next loop at block 238. After all of the loops have been
processed by the thread pool, the thread pool 1s dismantled
(block 244).

It 1s important to note that not all optimizations are ame-
nable to partition by blocks, loops, or other control flow units.
Such optimizations, though rare, are more challenging to
parallelize. Even 1n such cases, however, the data flow analy-
s1s enabling such optimizations 1s still usually subject to
decomposition as previously described. Using these tech-
niques, many classes of data flow analyses and optimization
can leverage multiple hardware threads to achieve compile
time speed-ups.

While the present mmvention has been illustrated by a
description of one or more embodiments thereof and while
these embodiments have been described in considerable
detail, they are not intended to restrict or 1n any way limit the
scope of the appended claims to such detail. Additional
advantages and modifications will readily appear to those
skilled 1n the art. The invention in 1ts broader aspects 1s
therefore not limited to the specific details, representative
apparatus and method, and illustrative examples shown and
described. Accordingly, departures may be made from such
details without departing from the scope of the general inven-
tive concept.

What is claimed 1s:
1. A method for parallelizing analysis and optimization 1n
a compiler, the method comprising:
identifying a subset of data points of a computer program
for processing by a main thread selected from a plurality
of hardware threads;
placing the subset of data points in a shared data structure
by the main thread;
concurrently with placing the subset of data points in the
shared data structure, retrieving a tuple associated with
the subset of data points from the shared data structure
by a work thread selected from the plurality of hardware
threads; and
performing compiler analysis on the tuple by the work
thread in parallel with at least one other work thread
performing compiler analysis on another tuple, wherein
performing the compiler analysis on the tuple com-
Prises:
initializing data flow sets for data flow calculations; and
performing the data flow calculations on the subset of
data points by the work thread.
2. The method of claim 1, wherein the subset of data points
corresponds to a cache size.
3. A method for parallelizing analysis and optimization in
a compiler, the method comprising:
preparing a plurality of basic blocks of a computer program
for processing by a main thread selected from a plurality
of hardware threads:
placing the plurality of prepared basic blocks in a shared
data structure by the main thread;
concurrently with placing basic blocks 1n the shared data
structure, retrieving a prepared basic block of the plu-
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rality of prepared basic blocks from the shared data
structure by a work thread selected from the plurality of
hardware threads; and

performing at least one of a compiler analysis and optimi-

zation on the prepared basic block by the work thread 1n
parallel with at least one other work thread performing at
least one of the compiler analysis and optimization on
another prepared basic block.

4. The method of claim 3 wherein performing the at least
one of the compiler analysis and optimization on the prepared
basic block comprises:

gathering local data from the basic block for use 1n a data

flow analysis.

5. The method of claim 3 wherein performing the at least
one of the compiler analysis and optimization on the prepared
basic block comprises:

stepping through statements in the basic block;

adjusting data flow information; and

applying optimizations.

6. The method of claim 3, wherein preparing a plurality of
basic blocks comprises:

creating a dependency graph of a plurality of loops 1n a

program; and

identifying a plurality of unconstrained loops on the depen-

dency graph.

7. The method of claim 6, wherein placing the plurality of
prepared basic blocks 1n the shared data structure comprises:

placing the plurality of unconstrained loops on the shared

data structure.

8. The method of claim 7, wherein retrieving the prepared
basic block comprises:

receving a loop from the shared data structure.

9. The method of claim 8, wherein performing the at least
one of the compiler analysis and optimization on the prepared
basic block comprises:

optimizing the recerved loop by the work thread.

10. The method of claim 9 further comprising;:

removing a dependency from a loop containing the opti-

mized loop; and placing the containing loop on the
shared data structure.

11. An apparatus comprising;:

at least one processor;

a plurality of hardware threads associated with the at least

one processor; and

program code configured to be executed by the at least one

processor for parallelizing analysis and optimization in a
compiler, the program code configured to prepare a plu-
rality of basic blocks of a computer program for process-
ing by a main thread selected from the plurality of hard-
ware threads, place the plurality of prepared basic blocks
in a shared data structure by the main thread, concur-
rently with placing basic blocks 1n the shared data struc-
ture, retrieve a prepared basic block of the plurality of
prepared basic blocks from the shared data structure by
a work thread of the plurality of hardware threads, and
perform at least one of a compiler analysis and optimi-
zation on the prepared basic block by the work thread 1n
parallel with at least one other work thread performing at
least one of the compiler analysis and optimization on
another prepared basic block.

12. The apparatus of claim 11, wherein the program code 1s
configured to perform the at least one of the compiler analysis
and optimization on the prepared basic block by:

gathering local data from the basic block for use 1n a data

flow analysis.
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13. The apparatus of claim 11, wherein the program code 1s
configured to perform the at least one of the compiler analysis
and optimization on the prepared basic block by:

stepping through statements 1n the basic block;

adjusting data flow imnformation; and

applying optimizations.

14. The apparatus of claim 11, wherein the program code 1s
configured to prepare a plurality of basic blocks by:

creating a dependency graph of a plurality of loops 1 a

program; and

identifying a plurality of unconstrained loops on the depen-

dency graph.

15. The apparatus of claim 14, wherein the program code 1s
configured to place the plurality of prepared basic blocks 1n
the shared data structure by:

placing the plurality of unconstrained loops 1n the shared

data structure.

16. The apparatus of claim 15, wherein the program code 1s

configured to retrieve the prepared basic block by:

receiving a loop from the shared data structure.

17. The apparatus of claim 16, wherein the program code 1s
configured to perform the at least one of the compiler analysis
and optimization on the prepared basic block by:

optimizing the received loop by the work thread.

18. The apparatus of claim 17, wherein the program code 1s
turther configured to:
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remove a dependency from a loop contaiming the optimized
loop; and
place the containing loop on the shared data structure.
19. A program product, comprising,
a non-transitory computer readable medium; and
a program code configured for parallelizing analysis and
optimization in a compiler, the program code resident on
the computer readable medium and to 1dentify a subset
of data points of a computer program for processing by
a main thread selected from a plurality of hardware
threads, place the subset of data points 1n a shared data
structure by the main thread, concurrently with placing
the subset of data points 1n the shared data structure,
retrieve a tuple associated with the subset of data points
from the shared data structure by a work thread selected
from the plurality of hardware threads, and perform
compiler analysis on the tuple by the work thread 1n
parallel with at least one other work thread performing
compiler analysis on another tuple, wherein the program
code 1s configured to perform the compiler analysis on
the tuple by,
initializing data flow sets for data flow calculations; and
performing the data flow calculations on the subset of
data points by the work thread.
20. The program product of claim 19, wherein the subset of
data points corresponds to a cache size.
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